< {

- /
_ . DOCUMBET RESUNE
‘' BD 207 585 : " . . . IR 009 703

« .
’ » - ( )

-AUTHQR ‘ Stansfield, James L.;_And Ot . -

TITLE | “iumpus Advisor I. l’fqr ementation of -a Program

That Tutors Logical and/Pr

B Skills, AI Hemo 381,
INSTITOTION. =~ HMassachusetts Inst. of Tec

T Intelligence Lab. : :

g SPONS AGENCY ‘Advanced Research Projects Ageacy. (DOD), Washington,

apilistic Reasoning

. -

< Canbridée. Artificial’

D.C.; National Science Poundation, Washington,
M/ D.c. s N _‘, . "
REPORT NO . 1060-36 -> e o
[ PUB-DATE oct 76 ¥ ST
GRAN? -, “HSP-BC#0708X; ONR-N00018~-75-C-0643
NOTE . oL LT 6Bpo ’ _ .

. EDRS PRICE ., : MPO1/PCO3 Plus Ppstage. - ‘
DESCRIPTORS i *Artificial Intelligence; *Computer Assisted
. | Instruction; Computer Programs; Decision Making
| Skills; Logical Thinking; Problea Solving o
% ZIDENTIFIERS | *Computer Games; *Intelligent CAI Systeas; Tutprial
) -\uode; Wumpus - Ty '

"
. N

° -\‘ln Intelligent Computer Aided "‘I*%'tructd.on (ICAI)
program that incorporates an Expert module vhich allows the tutor to
. compare the student’s response to those generated by an.expert was
developed for use vith Wumpus, a simple maze-exploration game. The
Wumpus Advisor program offers. advice to a player iovolved in choosing.
the best“move in a game for which competence in dealing vith
incoaplete and uncertain knowledge is required. The design agmd. . ¢
implementation of the advisor explores a new paradigs in.computer
- assisted instruction, in which the performance of computer based /
T tutors is greatly improved through the application of-artaficial .
» intelligence techniques. The advisor acts gs an interface between the
. student and thé game, interveniag vheneve " student's moves show:

that s/he needs advice. Advice is gifen as English q§sceurse- e
lar

_ABSTRACT

®xplaining im full the merits and faults of particu novesg_ﬂielveAl
+ references are listed. (Author/LLS) S

~ .

- L]

. ' . . v ’.' * . ] .
'0 q nE ' '
tttatttttttttttitétit;ttttttttttttttttatt,tttqttt&ttctttttmgtttvttttqtt
* Reproductions supplied by EDRS are the best that can be made *

d - from the original document. ° _ »
Ladhas aadd it 2Ll L Ll DL R T T LR PO P PP PPy
’ s s - ' N o ’ . :

. . s

: ey .
'l " - . . i / ‘1
- g - - ’ . ‘
» s .

.

Vi . , L o




[ 4

.

ED207585 @

&

.

-

1)
S
o

A\l & -

US DEPARTMENT DF HEALTH,
EDUCATION & WELFARE A

NATIONAL INSTITUTE OF .
EDUCATION * .

STATED DO NOT NECESSARILY REPRE-
SENTOFFICIAL NATIDONAL INSTIT n of .

DUCED EXACTLY AS RECEIVED FROM .
| THE PERSON OR ORGANIZATION ORIGIN S
' " ATING IT POINTS OF VIEW OR OPINIONS . \
) .
7 . £DUCATION POSITION OR POL!
< - -

- .
N ¥ . . -~ - - Ly

— MASSACHUSETTS INSTITUTE OF TECHNOLOGY |

. ARTIFICIAL INTELLIGENCE LABORATORY T '

AT Memo 381 o\ " L0G6 Memo 36

Wampie Rdvisor 1. . ‘
% first implementation of a program that

tutors logical and probabilistic reasoning skills -

, : - by

. Emu L..Stansfield )
..‘n PJC." : . ',
. i and . . .
o Ira P. Goldstein :

t

. ‘ : October,, ‘i976 . '

e g o /
The' Wumpus Advisor program offers adyice to a player involved in choosing the best
move in a game for which corpetence in dealing with incomplete and untertain knowledge
Is required. The design-and implementation of the advisor exploresa new ‘paradigm in
Computer Assisted Instruction, in which the performance of computer-based tutors is

greatly improved thréugh the application of “Artificial Intelligence téchniques. - This report *

describes the design of the Advisor and outlines ditections for further wqrk. Our

THIS DOCUMENT HAS BEEN REPRO- )/T

experience with the tutor is informal and psychologicai experimentation.remains.to be.done. -
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_L Introduction .

.v.- o 3 - ' - ] .

The Wumpus Advisor grew out d‘ a che we gave in Educatioml Technology toa

)

mll group of gnduate and undergndu’ate students at M.LT. Our goal was to explore a
ne( paradtgm in Computer' Aided Instruction, in which the competence of oomputer-based
‘tutors is greatty lmproved by applying Anlﬂdal Ihaemgence techniques to their design. We

'particuhhy wished to study the structure, of lntemgent Computer Aided ln#uttlon (ICAQ

gog@ms that incorporate ‘an Expert module which, allows the tutor to/compare the’

student’s response w"thwe.g,mmted by the expert. ﬁﬁlng the term ICAI apd exploring
the codsequemes for a tutorm{rogram of the avai

the lead of Johm Brown, (Brown and Burton 1975), who has shown in. hls deslgn of .

sophlstlcamed tmtructimil envlronments for electronlcs. the promlse of this approach

lity of an ea/tpert quule.-we follow o

In order to femnent with this pa lgm, an ICAI prognm for a simple game ‘was '

lmﬁemented asa course project. The proghm servee_n an Admof no a player of fering
advice and analysis al appropriate times. W,e'choae Wumpus. a maze-explofatlon gafne'

beauuy( repreeetned the next aep in complexity beyond the tutor deslgned by’ Burton &

Brown for Weu. a simple game on the th system for exerculng arl;hmetk skms (Burton
[ A

mB) Wumpus s motlvnting and requlres i variety of skifls. mvering phnntng phusib!e

reuonlng dednomheory md incomplete and umemm knowledge -

.

" The Wumpus . Advisor m sumfuny lmpiememed by the students in the coune :

3" under Stansfieid’s wpervmon The program was later improved and extended by Carr.

who is oomlnulng to work on the propct. This paper describes the current mte of the

1Y
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prognm which glva approprlate advice ih English about the logic invoived in’choosing a
‘\( L d
best move. Four different levels of student are catered for but other than this broad

distinctiof there is little student modelting. This aspect of the research 1 currently being

,edeveloped N | o . .
/. /

By studylng stmple tachlng situations and modelling them with programs that teaclv» -
we gaih lnsight lnto the prooases un‘derlying leamlng and teaching. The rich metaphors
of computer programmlng' help us to describe teaching and learning p;ecisdy and in detail
while the dudpllne imposed by regutrlng a 'working prognm weeds) out lmpractlcal ideas

mdpoimsthfmywbetterm . S : .

CAIl pragrams need models of situations and s_tvdenqs if mg;i/re to understand what

s gotng on and act appropmtely We must provide them with practical pt;ocedures for .

" making decisions about tuchlng and give thema precuely formuhted knowledge of their /\

subject matter 30 thét thepcan interpret, model and aa in a variety of teaching situations.

: _They-also n?l an expressive m-m of conmuinlatlm such a},mtunl hnguage, display

screens and tablets for Woth interpreﬁng the uudenn behaviour and making effectlve'_J

. LN

x A
Many early teichlng programs and m current ones were” fact &Iipenslng'
b b

' machmes. They useq ‘the mupty bucket” theory of lumlng a trivial one in which the
learner is simply a receptacle to be filled with facts. Mthough this theory may be decorated
‘with extra rules to present facts in special ordm or in cluum. itis very naive and hardly
says mything atall a
that of a process. The

real lumlng "The key computing concept which It excludes is

ent should above all else bslurnlng how to do something and

. r .

]
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. shouid be portidpotlng ln various activities hovard that end. ‘He is prognmmlng hlmself

b

with the wocﬁers assistance. By changing the pand'lgm from facts to procedures the,whole

' enterprise {3 greatly enricherl.

_From this viewpoint ‘we are forced to analyse the student’s learning tas-and compare ;

this wlt}: his behaviour. It beoomu Important to notice and correct the thlngs he does
wr!;'rg forgets to do. does unnmrﬂy or does in tbe wrong order. Many ideas from
Computer Science areof great signif icance to this. The student's task can be modularly
decomposed into subtasks with Indlvldual goals. These subtasks can be.organized ;s

processes, coroutines or steps ln a prmdurc The voaabulary of Computer Scienice is rich

in precise ooneepu for dcscribli\g thu Similarty, his organiutlon of information and .

methods must be examined and debugged. There are suffiaent partially-formulated
. 'Concepts ln Al that, deal’ with perception, mtunl msonlng. organlslng\knowledge planning
andsoon formducﬂptbnswbemdeofthehmlngandtuchmgproceu

The Wumpm Advisor develops the appliaubn of computers in education. It is the

S O firs version of a program ‘which helﬁs s':lent‘mo learn a simple game called Wumpus

(Yob I975). Actmg as an interface bctween the student and the game, it Intervenes
whenevér the smdcnts n\om show that he needs advice. Advice is giver‘l as Engllsh
dlsooum exphlmng in fun the’ merm ant! fauks of pa'mcuhr moves., Wumpus is phyed
ina net:vork of Iumnls whou mmlom are lnlthny unknown to the player. He must
search thu mtwork avoidlng dmgers and trylng to (un( and kill the dmgerous and deadly

W 'y Throughout ply the adﬁcﬂr gtves tbe student lnformanon about his immediate

loa!lty ard evldenee about nuiby dln‘én l-'rom this lnformauon It is possible to make’

t
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large bodies of advice .gssodated with them in the ltt_eniure. Games are often medels of

¥

.
.
LR . \
.
.

phusible lnferencu and pdgemenu which aid in avmdlng dangers. The game is hlghly
motivating to’chlldren and exertises several types of reasoning skill.

The ga{n paradigm for advlson'hu also been researched t:y B;:no;r using the game
West (Burton and Brown 1975). Wumpus is a ‘more oomplex game and is a natural next
step In general. , games- form exeellent subject matter for advice giving. They are. varied,
provlde motivation, and exist at many degrees of difficulty. Some, such as, chess. have
reak-workd situations and develop abilities that are useful in e\;eryday life. Many of the
strategies involved in the game of Go are of this nature.

There are five good msom for using a siniple game as the dpmain of .an advice-’
giving program.  °- - : | \ T -

- -
L 14 2

L. Closure . . ' .

'k . -~
The rules are clearly defined. Since it is easy.to describe what constitutes a fegal move the
student can always be expected 16 phy ﬂimn the rules even If he plays badly. This mean
that the advisor will be able to make sense of hu lnput& With a less bounded domain it is

easy for breaks m ication to occur because the program cannot understand the

We can easily dulgn an expett player for many nmple bu% lnterestlng gam An prcn

b

-

glva a predn proadunl theory of the domain which we aim m teach.

., 4
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- s__omm
For slmple gams the same theory, of good play applies at ac‘h move. The rules that the
- expert tm are good at all stiges of the game. Thls gives generallty to the teachlng
situaugn A mn is being taught whkh s exempllﬂed in different ways throughout the
gamie. | : |
4 Simplicity * - | n . B L
It is easy to find simple examples of games well !_ml'nln‘ progtamming g:'apablllry.

A . R i

~ 5. Motivation . . . . \

The student is motivated by a game when he may not be by traditional curricular démains.

-
- — ~

These properties make it easy o sumln an interaction be‘twee'nhthc studcnt and-the "

14

‘teacher. Even vthh no advlce-glvlng at all, the game scenario provides a comlnumg

U] WP
»

exchan(e. In a sense this is cheating for it makes it easy to write a toy program but the .
important point lvhat we can start from such a position :nd enhance the advice giving | ‘
step by step. This is the way people learn gamcs in any case, beglnnlng with the rules and .
mmlfung strategies which cover progresslvely more situations.
Our genenl n\ethodology was to find a domain which the oomptrter can deal with -

_ easily, which requires F ly slmi)le inputs but which has a large set of states. Gamos fit this : o
well. Electronlts does tdp as Saphie, the.electronics advulng program (Brown and Burton . |
,1979), shows. Sophie he|ps student learn how to repar a fauly electronic circuit. A fauky R
~circult can be sirulated. Mﬁm correspond to nmsurements or akerptions and, though

there are only a few move‘typq_. the possible hypothua that can be made about a faulty -
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circult are numerous ind vmed Domains llkg geography ar hlstory are hard to use 1n a P
CAI program They are very knowledge-oriented and tend not to be closed. ‘Limited and o :
J’well-structured aspects of tﬂem must be used if the domain is not to expand continually or

the sthderkr'b not to overreach the programs knowledge (see C‘olllns 3975 for promising .
_ - S ¢
work in this direction). ; -

L

A simple game like Wampus makes the task of writing an advisor manageable but

(] 3

does not exclude lmpor;ant'featum of the teaching process. Models of the student, ways of .

'usglng thém to provide relevant advice, questions of " motivation and of not overadvising,

y can all be studied 7Ven for a slmple game.” We have not programmed any st“a"em
modelftng facmty yet in our advisor though the work we have completed is a preparatory | ‘

step. ) . : o Y ’
-/ " The uudent is dolng several thlngs when sph’, Wumpus with the advisor. First, " h

1
-~

-

wheis lumlng how to play Wumpu An adaptation of the program could also teach him
vamtiom,\nd perhaps entirely different types of ;:me By learning Wumpus he leams
“certain msonlng and phlanning methods. These are of various types which we summarize :
shortly At a more general level. the student is lumlng how_to approach new games and , » f
what methods are appfoprhte for unravemng the onsequences of a given set of rules. ’
This is notr(estrlcudm games. There are more general situations with logical properties
and rules and he might be devebplng a skill in produclng effective procedures for acting B :
in these situations. When first in a new sltuauon one must direct the most resources ’ | :

‘ towards ap understanding of the situation. As sl;in accumulates, fewer resources are needed ‘t“'""'

. |

and gvmiui'ly tuning up and debugging is only done rarely.  This is a general property of t
v 9

3

i

Q . - - v -
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skilt aqtilsltlon. (See Sussman J973, for a computer model of thls kind of Jearning.)
The cormpmdlng alm of an advisor is to help the student lum how to do all this.

Our curredit Wumpus Advisor only sdvises on pamcula\'f points of ptay 50 the student will
only build up genergl skills indirectly. Later, we describe an approach that can be taken to
lmpro\.ve the Wumpus advisor and ‘tonsider illeclslon maklné skills in more glnml. terms
shmvl;ng how t'he advisor inlght teach these. | . . . pd

There:appur to, be se:%ral different stylé of playing and thi.nkl'ng about Wumpus.
'People bring 2 va;lety of attitudes to the game. S Some ply very safely while others plar
with abandon for the fun of taking risks. Those who approach the game from the point
of view of its loglcal structurg are more llkely to learn efficient play in a shorter time thas
those who neglect this structure. On the basis of informal observation:. they appear to
quickly absorb and benefit from the current p/rogn_m’x ;tyh of advice. Players who see the

game frqg other viewpoints might also benefit from our advisor's anaiyﬂc approach which

eneralized widely to other domains. However, the current advisor does not gl/vz the

radual and ‘sensitive advice about logical rules which must be provided for a student
| Whose manner of play is different from its own. Again, on the basis of informal .

observations, we find that such subjects ignore long technical advice because it spoils the
fun of the game. A more appropriate advisor would undermnd'thelr motivations and
treat the logical aspect as only one of several. “Thiggls an area which' deserves considerable

research. -
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 When a studé®t is given the rules vumpusyhe must first analyse:them to

determlne their Implk:atlons There ar;/several ways he can do this. Firstly he can .

explrlment. playing a variety of posslbly risky moves until he emplri’ca"y determines the .

: reguhrlties In complex situations experimentation is combihed with induction to generate
and test hypotheses. A more direct methidd of amalysis uses Iogic to infer propertles of the
game so tnat stntegia an be’developed to?ke advantage ofl these properties This is
very tlurly illustrated in Wumpua The player knows some‘but not all of the state of the
.'board at any time. He can analyse the faws of the ggme and can develop about one, dozen
preclse rulec of inference that he can use to help locat_e the Wumpus and avoid dangers.
He must embody these rules in a procedure for analysing a board sttuition and must u;e
syntt\etlc principles to.do thl} The Advtspr contains an expert Wumpus player which has
all of these rules tlrudy available to it. When relevint, it points out: examplesl of _the rules
to help the player make his move. The player is made to consider the correspondlng rule

and incorporate it into his play v . o -t
. “Techniques of synthesls are used to construct prograrns and plansl Goldstein
(Goldstein and Mlller 1976) describes a classlﬂcatlon scheme for plans in the context of
Logo program writing. Typlcal examples are.linear plan l'ecurslve plan and parallel plan.
Acqulrlng sklll at Wumpus can be seen as syntheslztng a set of programs so different
synthesll technlquq lead to different Wumpus phying Strategies. 'Many pro;ﬂems are
tered when assembling separate pieces of advloe into a ooherét strategy. Some rules

t;an_preuondttbm and may only be invoked in certain situations. A strategy whick only

5
. \§1 1

1.2 Analytical and Synthetic approaches to learning games. " C e

o - g om
.

.6
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applies in certain circumstances will otherwige give rise to bad play. It is useful to explain

errrm in the stu&’eng’s model af,phay in térms of debugging anfi recognisable bug types..
~ .

The student may then learn to recognise bng types hlmself and gradually build up a |

~

.repertoire of repair techniques. . ’ o v

1.3 Methhifs appropriate to Wumpus

Besides general Jtechniques of synthesis and: analyzls there are those hich are -

usodated vmh pamcuhr domains. Wumpus includes two types of knowledge omltted from

=

prevlom tuchlng programs. These are incomplete and uncertain kilowledge. A Wumpqs
player usually knows only a portion of the b;nrd and must develop procedures which can

act effettively under these conditions. Three genera?nethod;. decision theory, probabmty

theory and phnnlng are useful techniques for this type of suuauon ‘ . i ‘

‘ ’ 2
o . I

L Planning. ‘ :
To play a game well one has to plan and should lurmln planning bugs such
as planning too far ahead of 100 unévenly. 'Tbere are often good reasons for choosing a

‘few candidate moves.pnd restricting lookahead only to these. Al has a considerable bedy

"of knowledge ab,om planning in various domains and these principles should be taught by.

“a good advisor.
. ' \
Because Wumpus invoives uncertainty and moit moves have a -combination of valuable

2

v

and dangerous Outcomes we can well apply.the decision theory paradigm which is useful in '

B ™. ™ R ——

S S " S
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ny, more gené’r‘al ;Ituatloﬂ. This theori shom how to assign values and costs to - "
i i ' : = * i . ’ . \ R h‘
of outcomes and gives a way of eomppring mea%m\?es whe'n the outcomes’ - .

3 " th calcuhble pfobabllltles. It lmorpontu ¥ back-up algorlthm that combnges ) : ‘ :
| : : g,':"phnning with avaluatlng paruouhrm ‘ | g | R | N %
C I" any "mlﬂ sltuation probabillsuc heuﬂstlcs tmy be used to advantage Estlmating O -
“ . the probabllittu of’dqth aqach move is crucial to good Wumpus play and 0\’ program . ' ) : ! l
) usesquﬂhun probabllistic msonlng In‘lts expert player and for glving ad\lce - _' ' B
: oo L I ‘ L . . ) |
. L4 rllg 'Wmn us.;__, . . -

.o ' wémplm is playo.'t:li by orie phyer,,i Wumpus hunter. in a2 world corrslstlng of -a
nuriber ‘of aves connected by tunnels. The player‘moves around tj}lls warrer trying to. |

ave dangen amh\{ h the goal of finding and shootlng the Wumpus. Inltlally e huntert

: -
-on kaows the structure of t‘he warrgp Immadlately around hlm He knows the nuskber of

cave he is in and of all aves directly connected to him by tunnels Eve/y,“ume hb

es a movt which muss be into a nelghbormg cave, he is told the cave-number's ’ ) :

N nelghbormg m new ave. \?{dmm of the warren are pity bats and the Wumpus _ 4
. . whlch like the phy«. are Inmally located at nMom in the warren. . Any rrlve into a cave ." o .

S %‘Iﬂm‘ a pit or m*Wumpus result in [Instanit death. If the player moves into a bat E " ,

. uv"hc is tarried away by the bats and dropped lnto a nndom cave wl:lch may of course . {
. " ' mmndmgcr BmlnnotfwmwghwuvethephyerfmpmortheWumpu:ifhe ‘

R inadvertently sanders into a cave eon:lnlng both bats and one of these hazargs. Tbey do ;

¢ - . ' s ’ & ‘ - ‘

- O . . . iq n , ‘ L
‘ -~¢ s . A . M “f N . . . ) . . - . N t .
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L ' arry the phyet away berore he get.s a chince tosee what ‘the neighbors of the bat cave are
. <. though There,are clua which help i avoidlng the hazards... The player hears squeaklng

.o ’lfhelsoneaveamyfromabatandhecanfeela-breeulfheuoneawayfruna»plt

}

. He can abo smell the stench of the’Wumpqi fiom up to two caves away bus cannot tell the

"y
directly. None of this evidence tells the player the direction’ of a hazard. The

A -

.

and will kill the Wumpus If he is hit. 1t is possiblo that the arrow will by chance find its
way back and km the hunter. A typicﬂ warren will contain 20 caves 3 bats, $ pits, ‘(ue

. : player. and the Wumpus. ‘ ) " - ; |

-~ ¢

. 1.5 A'Wumpus 'ario‘\ . ' ’
1\ . t

. o ' The m)gle.t:lt's' input is in 'bold type the bomputer’s output is in italics. For the s'alge of

f‘d ability we have ukon mﬁ editing the advisor’s output by, for example, using
pronoum to refer to ava' ¢ already been mentloned We could easily update the
cr progmm to ‘effect most of these anges ltself ln the case of pronoun rgference.

\ , Wmognd‘p program (Winograd 1973) providu methals that are sufficient for the limited

'cnmﬁlu in this scenario. S N : .

» ‘ !

Hello Ire. | se¢ you are s béginning p‘)n You Aave had 5 wins and 3 losses. Let’s ;qln.

.. © Yow are at cave 15 with neighbors 4, 14, 0’¢nd8 Brrrrl lfulcdraﬂ You are near a pit. -
g « What & stench. | smell the Wumpus! W hat now? ~

. )
- \ ;
[ 4

s a bow m&‘e arrows which he can flre at any time Into a oelghborlng cave. -

- The arrow will ricochet at random thygh the warren fot- up to a distance of five caves ,

]




I wish you luck. You are at cave 4.with neighbors caves i4, 6, 2, and 15. Brrrr! Squeak! A ___J

*  bat is near. What now? )
. . -
1.4 4

- ks - |

TAis 1y a dangerous move. You Aeve been in two neighbers of 14 and you felt a draft in both.
rmudowcmdmuuumgm.pyzum@ me :

Advice ﬂ
. Cm&t:cbm;ranuaﬂm. W Ast now?
: N

Why S -
TAere is no danger from the Wumpns at 14 or 8. It is possible that 8 contains a-pit but it is
more likely that there is one at 14. WAst now?

/

o, _
3
0

You are at cave & with noighbors 19, 1, 15 and 9. What ¢ stench! W hat now?

" e , 15

e - e
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.' You are at ceve 19 with nd}laboq‘ﬂh,'m‘d. OSMU What now? -
N s , - . " . . ' N
- ) ’ . - ]
s ‘e . .

- . . : ..

-

TMsisa gwd,m;, Ira; since it (s om its

" WA nejghbors IS, |, 15 end 9. What a st Aat now? .
4 . b - - ’ i '.'g

o s .

.-
L] o .
-
- ~ 1 ‘ - ..'. - N
. You are at cave 1 witA neighiors 12, 8, and 9. WAkt & stenck! W hat now?
- L . : ‘ o .
. . . ) - - ‘2 . ;
‘ e .. T
. - . |

e

- —

. ———— . gt o,
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rma.;ggm TMWunquduanzmcmkwntfound nycm:tlm
crcclt&ntnmofﬂtwmcmdljm WMMM ' ~
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,

" You should. visit all the ’x :Mch ’ou hno- are safe before gou statt taung risks, CA 91is
1

Lo o
‘ ¢, .‘ , X - .';.
av L N T
,’ . - “ > ] .
Iftanupuwcum9 tlmtmlvwldkmuuncndpumuld:mllﬂmat
cave I9. Bwi; puduntmdlkﬂaeuc” soHucfc W Aat noo? - 'y
9 . ' .

¢podc¢utoaplon
at cave 9. W Aat now?

Zut:ﬁuﬁmwsmws, Aowever, tthumpu:unnotbc

/
‘ AR [ B | i
You are at-ceve 9 with neighbors 8, 7, 10, end 1. Whef & stench/ grm now?

Hep - ' . )

learned at sach cave that you Asve wisited. Imcl:ogm,udua W Aat now?

‘lmgm’uutw;mucw- ¢ you ere, -Am’wknlmn.‘and-mﬁouhm.

-



.

lebu.:aodmncxﬂm It is possil cmqumummem m:wzn
' mucry risk. There are no safer caves. Wlu:uv? _ .

_You are at cave 10 with neighbors 11, 9, 5, end 2. ! What o stenck! W

i’ ‘
/

Iru&uﬂerhctml’lwdu.cﬂl. Would you like to go shead with that move?

LY

O‘

You'(ganpam;tlyu\nc 7 from cave fO. Would you Hhe & route te caze 77

3 R N
) /'-—‘/' .
vGeto9and thm to 7. Shllluuuc_‘nnm \




- You ere at cave 7 with netghbors 13, 0, 9, end 11. W hat now?

3

You are at cave 9 with neighbors 8, 7, 10, and 1. Wiat & stench/ What now? —
: ' | oy

¢

|

-

You ere ot cove | with ‘neghbors 12, 8, énd 9. What ¢ stenc

That s ¢ fatel move. Would yok like edvice?
: SR

/- Yes

L]
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. T‘h Wuupu is tﬁnl, the jallouing argument:

: CaucamthmmeyﬁutthmdmuM:ando&ch . TMs "
um;tlamkaunl 15.0r 9must be next 0 Aim. : i '

Cm'butwmyumuumto4-mlodumtma CucNmtoncmy:lncP’ou
© isited cave 7 and that didn't smell. Therefore, by elimi ,canUochwcy Hence, /
mq'mud(“mmtuthu'mm

Tkutg“au(leul 9m12.)’oulamvt:md8m9u,gdt-d ,tIanmpu:
. | tsatl2 . N
Shoot , ; .
. ‘ ' ) - . ’ i . . { *y i
* W hich asve would you lik¢ to shost {nto? T w N . o
N A . . ‘ ’
» .

12 - _ :
' c«nﬂﬂ}tg\u;ﬂ ':uu&wi;pw ~ | , S %
@ oormeihpuinons
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1 Major capabilities s . |
"The Wumpus Advisor has several capabilities org.anl'sed“arc;und an expert . Wumpus

] pliyer that embodies a considerable amount of km'nfledgc about the game. This expert can . | ' '
" evaluate the student’s move, compare it a‘galnst the best move -and explain differences 0 |
. that the student will improve hls.gal'n;. Future versions wm‘inc'lude a model of the student
v u a perturbation of theexpert. This vill increase semltivky to the particular problems

- 1

fadng m:h swdeht of tbe game. Tn this section we outline the structure.of the expert its

capabilities, its basic mcthod of deduction and ity advising and explaining strategies. . . :

Siction $ covers the details of- each of these topics and section 4 outlines an improved

approach deyeloped by criticising our present effort. .

Qur expert Wumpus player-has four major capabilities. . | e

8 [ \ N . L3 . ¢
L It déduces information about the state of the game.from what it knows the player
; , X . . . . K . ' ‘

Q.ltanmhanmymvethuthephmanmke . o ';
.S.Itdlumuaumovuamdmgwantdawgwietdwgmdtocapturethemajor

mmofw»mpmphm.- ' . o,
4. Its evaluation of a move is modular. -

.
=
ot . ' B .
’ . - . .
. B - L]

M\ny time in a Wumpmpmeﬂn player can see a small portion of the warren and

N . t o, , : ° . ’ .

C 21

ar
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SN

can remember areas he has visited or has seen from a visited cave. He has partial
* .

knowledge of the warren from thls *Information He can use his memory of the location of

bats he has come across and alt the evidence from smells, breezes and squeaks that‘he has

‘discovered in the course of the g@me A good player should be able to deducg useful

lnformatgon about the position of various hazards 67 eomblnlng this information and

using inference rules eritailed by the rules of. the game.  The expert makes mast of these
- B e J
deductions, only using information thé student knows or ought to have remembered. In

tiroe, the advisor teaches the student to make afl of these dsductiom himself in a reasonable
. ¥ :
manner and to use the '-hformaum discovered to make a best play. There are two ‘Broad

' classes of lnformatioo‘ our expert an deduw First, lt an often determine exact!y the

/.

.posmom of a bat, pit, o the Wumpus, or can tell that a cve i3 deflnmty free of such

hazards. This is durly lmpomm to good phy for haurds n? avoided and safe

avu are mh,,,tnvempung Second and very important in dricertain and incomplete

situations where definite facts are unavailable, the expert an evaluate probablllties of

~ hazards for any partk:ular cave. Various heuristics' are used for thls and they represent

. /T, .
qualmme knowledge about uung evidence to malé decisions. . .

Information pthered by the;e techniqw is then uled by the expert to evaluate each

poulbic move. All moves are truted lndependently Thre is ho need to plan ahead in

detall sln\:e a move can almost al\nys be.made at any. ume if aﬁ‘“ On}y when a bat

]

mm!m a player to a remote part of the warren do caves become mtcoessiblc Even in this

" cate the warren Is 50 Interconnected that it is unllkely to be much of a handlcap. A move

evaluation consists of a probability udgnm'ent for each hazard type and a simple measure

R

-, ' |
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of the Inl‘orrnatlon that would be gained by the move. So cave.3 may have a 03
probablllty of a pit,x certaifh bat and def lnltely no Wumpus It may be near the Wumpus

Ve
and so be Ilke!y to give informatlon about jt.

The expert’ has an ex}uuve whlch classif ies all passible moves according 1o 4 seven

point scale of goodness shown in flgure land discussed in d‘tall in section $.4. Each

category is a disunct type. Safe moves are preferred to unsafe ones and given’ two moves

of roughly equal ufety. the one which reveels most information about the warren and the

Wumpus is regarded as the best. All moves in the fringe area are considered. These age .

caves which are aooesstble but have not yet been visited. It is & waste of time to visit a cave

that has aiready been.vlslted unless it is on the way to amother profitable cave in the

fringe. lf the player does visit such a cve it ls\usumed he is going somewhere val‘ble

*

 unless Jhe wastes too much time by going in profitless circles. o b ;

ig

. -
The expert is composed of foyr main units, an executive and three. specialists, one -

each for bats, pits and the Wumpus. Naturally, from the symmetry of the game, the-bats
and pits expert are very similar and use simitar deduction rules. Eoch specl;itn deduces
whet it can about its usoclated t:aurd and reports to the executlve. l;loduhrlty allows for
a cpmprehenslble expert whkh is a natural advantage for tuchlng purposes. The student s
play an be evghated separately for each spectahty and aho on their lntegratron We
expect that this wm make it easier to con\stgct student models. It certainly allows the

current advisor to advise about one particular module at a time.

y -

y
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/ EXECUTIVE CLASSIFICATION |
. . i
[l - . .
’ e . 1S THE CAVE SAFE? DOES' THE MOVE
. SR ' . GIve "FU?HATI(N?
) ‘ FROM BATS | FROM THE | ON THE | ON THE E
, TYPENO| ¢ PITS, WIPUS  WARREN |. NUMPUS .
- B ) ' ‘
1 YES' YES YES YES .o (
2 YES YES vis | w
: 3 YES - z YES YES -,
: ¢ 4 NO S YES - YES "t
- 5 . NO 'YES YES * NO -
6 | ™M .| N YES YES | i
7 DEATH DEATH NONE NONE : -
"
. . TYPE NO..  WUIPUS VALUE | BATS & PI1S VALUE ?
. 1 ; 1 ®
2 2 ) =
. 3 3 ' :
. L4 i ‘ 1 , -
5 o~ 2 B<VAL<1 '
,. [ \43 4 .
’ 7 1 P4
B ‘ > 1 7 I.
. - "Ff , ' 4
. ., Bat-pit safety has been.given precedénce. The’ bato/pitwuc of a cave is
the prbbablllty of death by bats or pits in that cave. The Wumpus value is '
? "1 1# the cave is safe from the Humpus but.uill give information sbout it, 2
if it is safe but will givo no lnforntion. 3 if it js unsafe.
‘ - . figure 1. ) -

=~




2.2 Extra facilities
[4

Several extra facilities have been added to the basic expert outlined above. They can

Pa .

be thought of as exira modules although they do not relate to the executive in the same

’

ciar way as thY three hazard module& All three of the facilities we next describe could be

‘\
lrnproved gmtly and lntegrated into the advisor more clwlly

Wiyzlude a simple help specialist which wlll offer the siudent a'good move when «

he is in trouble and, will also present an explaSh\of it if the student desires. It is almost

./\
entirely a call to the expert for the current move. We make no attempt 76 supply a

move which iMailored to the students current difficuities. This enhancement will only be

reasonable when mndmL:mdgmng is implemented. — v

, Since the phyer may not remember all of the warren he has come across so f at we

provlde a route f lnder spcdalm If he has any)dlfﬂculty in reaching a goal suggested by

' the move suggester the advisor will offer a route thrpugh known safe caves. Thisis — -!

coupled wlth/l’ help facility which gives the player information about any cave he has

visited on request. /_’___ : ' .
More important and most in need of further developmnt is the slnooung specialist

whose Job it is to prevent the player from wasting arrows and to advise him to/shoot if he

-, should be able to deduce the exact location of the Wumpus. It will dissuade the player

from shooung if he has not located the Wumpus exactly or if he shoots into a cave that

could not be the Wumpus, especially if there are othfi worthwhile things to be done.

L]

Futlm shooting specialists ought to weigh up the risks of shooting, the value of the arrow,

_thn_pombmty of hutmg the Wumpus and the aulhbllny of g&phys wlsewher( We

N ‘v()

. 4 .
. L \t
3




i

" return to this when we consider a decision theory paradigm for future Wumpus advisors.
. ’ i’ . - ' " sy
2.3 The ldvi'sig_gmgauiﬂgm : S

The advmng paradigm for our current pregram is a slmple one. This is because we
do-not yet have a oompment ‘which effectively malm models of the student, Our system
* ‘describes his Immedlate behavlour md not the reasoning that.led him to thl/;. As a

4

s
" comequ the advisor will advlse when the sudem makes any non-optlmal move and

' =S
. will give him a /description of his Ind play which is usually too full. Neverthefbu, there are
= some subtleties involved even using our slmple téthnlquu ' ' . o
S
' T Whlle discussing tt expen we noted that the ext!:utlvp classifies the student’s move

according tO a seven point set of ategorlu (see figure 1). We associate.a program called a
move-type-analyst with' each type in this category set. The job of such in analyst is to-

comment whenever the student makes a move of that particufar iype\ Each analyst will )
o™

check to see if the studem madc a move that wis slgnlflcamly worse than the best possible. .,

before it crludsa him. The conditions for this vaty accordlng to the pamcular type and
. this is one reason for having separate analyu& In general the best moves are the ones with
i the lowest cluslﬂation numbers md a drop of onrmakes a dgmflcant dlfference This is
not always the case. for example mve-chsslfkaum £(unsaf¢ because of@bats or pits but
v

safe from the Wumpus while giving information about it) is not afways’ s!g'nmcag\tly worse

» X s : o
than class $ (safe from bats lnd pits but in danger from the Wum_pqs) even though in

. h C N
_ ‘ general 3 drop of one class does make a significant difference. . -
2 . The emnmmu made to the student depend on move typts as well as on the pamcular
o 26- ’ »

- M >
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was muuken about or that he gave too much weight to. A good modeller should allow us .

m‘.y\.’% . . . f) [ I

. N -
.
» I 4 2 !
s - N
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Wumpus Advisor Ve

o, . v s :!
o
- board -lq\l-'lmlﬁ the analyu commerits on the move type itself with some statement such "

A

as "that is a rls-ky move". O[ course if th!re is no safe move it will say "good luck” and

v

leave the player to hu fate but often more spedﬂc comment is needed. There are two types ~

of bad future a move may have, tlme that are avoidable and those that are not The
) X
mlyst only comments on the avoidable ones, a property which depends on the Better moves

. available atthe tlme. If the Avoiaable danger was a fat hanrd the bats expert would be
"called in to'give an exPIamuotp of the hazard. The implicit assufptionJg that the student

did ﬁot see &.“With a good student mode! we could Mistinguish Between this and the asg, '

when the phﬁ noticed the hazard but failed to see any better move. Tt zivlsor focuses
the phyer's tnavﬁ‘and stimulates hlm into ﬂndlng a better move bi‘referlng to the

oy

haurd as a reason for not,mng the move he med It'u abo posslble, that the student

found other [ﬁmzes which were free from the crmctsm but noticed faults in these that he

to adapt advice fiving 1o cases Hke this ' °

s ¢, -
s .

4

Having criticised the player’s move the analyst aflows him to think for a while by

ukh him if he wlshee to go IMMQ! player aan change his move and will thembe

oﬂ‘ereg Y better one. On nquest f rom the player the analyst will oompare its suggestion
wtth-the phyer‘s move. The exp&mﬁon Is oompenuveso no_common features of the two

- We Iun mmmamed'that part of the advisor that currently fitd nicely into a

'/

¥ >

k. Throu'hout the prognm are numerws patches th't improye advice giving in

-

ways. Enn'plen of mh special cases are, advumg about oottng. co:hmenting on

. ) -

?-:\ N K . v. ’ ] " . K ' A
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. repuwd mistakes and cautionipg about time )mtlng by mbving only into vlsited caves.

* We hope eventually to include these in" our theory. v
N ' v

) 24 m:ltivlt! to the student

Although no student modelling is done by the current vmlon of the system there are -

" two comments to be made about the way the Qrognm duls with the issue. First, some

‘

adaptation to student performan;e Jevels is made even without actlve model!lng' The,

studem is asked ® rate hlmseif on a four polm scale of Wumpus huntlng ability. l‘juld |
of

be fairly easy to have the prognm actively make such coarse pdgemenu over a per
‘ - few gatna. ‘The rating lnmw%the advisor ‘behaviour in three ways ’ )

e . . ! * v
. o a) provision fo' initial adﬂce‘,,
b) pruning explanations,. S o
0) prining the expert’s d;dufthna - _ :
QT the phyer Is a raw beginner there are certain features of the game he mlght not
E o | , havq mlised For ex.ample. bats are not udangercm as pits since they usually hnd‘you in

\
2 sife cave. lmmedlate observations such as thm are told pgrhaps onice or twlce to a

*~

B . ‘bqinnerandarenotmlonednguﬁ/"
‘ . ° The prognm ‘can generate daalled expianations by tridn;umngh the deductions
| @
‘ mdtbyﬁnupenmdeummlnguthmaprobabmabau ltnusefultoprune

.~ - this advke havmg only relevant facts. The twe most general approaches involve

a = . »
v N A

»
b

- P U
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”
- techniques fiot yet Ideed in t;ur advisor. One l;lvolva natural language dialogue. If the
| student were able 10 ask the prognm for detailed explanations when he needed them, the
advisor could exphln ina top-down fashlon. beglnning with the main steps of the
" deductions and awaiting prompting for Whr sub;eeps .1t 13 possible to allow some

iorm of prompting without a natural language capability if for each lower level step the

advisor asks the student whether he needs an exphnation -

LYl

L

ﬁ‘ha:opd method reqnlm a good student model to detcrminc what ‘the player already
knows. We lncorpon‘ie a coarse version of this procedure.# The student is asked tqgdescribe
his level of play as a number from 1 t0 tThedlfferemebetwem 2 very good player and a..
novice is enough to justify ommiuing exphmuom of simple steps when adwmng the good
phyer/-'l"\hough this does not solve the problem of overwhelmlng & beglnner vﬁth detail. it
douunpmetheutuaﬂmforagmdphyer " A SR
Fimally, we uﬁm that one who claims to be only a modcrate player will not make
u;y of the more sophisticated deductions or probabllity Judgements that our expert can

make. In this case we remove the relevant deduction rulu from the expert to bring it more

to the level of the player. This can be expmsed as, Zeprdleu of the student he must
. learn to ?lk before he runs”. Because of the modularity of the rules we can make this
ad justment ml,;\‘rhe same proprmy should aid us in dengntng a reallsuc student
modeller in the future. When carried through this leads to the notion of a syllabus ‘which
is an organisation of the teaching material that provides guldam for decldlng in what

29

-

‘order the material should be pmenmd.




Meosst . ‘%9 . Wumpus Advisor |

Most moves ln a prne of Wumpm yldd information which may be used as evtdence
for locating and mlu:dng dw the board. We describe the detailed deduction
proceduresused for \gglng t!m in section 3 but’it is worthuhlle'to make some geneggil

observatians about the deduction paradigm we used. We use four main headings for our

IR o
“l)‘Anlunjl:ubm“ldaul;ue. ) . .
3) Special representation of disjunctions,

1) Mathematical fyfictions for evaluating probabilities. - '

A, N

The uaertioml dau base contains informauon repmenung the state of the warren

when itis set up. It lncludes the ounmions between cves and the exact locations of the

ghyer and the hazards. Initially, the phyér knows nothing about the hazards so we

dlsdﬁguhh properties and rehtlom which dacribe 3m chmging view of the world as the

- game progresses from the actual state of the world. The expert, of course, plays from the

‘r

playen polnt of view although it 1s com:elnble that future prognms wlth more
~

sophisticated advlung methods wm chut and help the phyer avold difficulties he is

unpnpandbface.‘fThmmmtypqofpmpmumdnhmm One set of properties

is a primary set mchdtng such properties as sm:u.. VISTLED, etc. It is assumed Gat any

player will have these as part of his vocabulary since they are 50 closely tied to the way in

P .

30n ) i
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. which -the rules of the game are presented to him. Otiver properties, such as I-AV‘VAY,' 2-
AWAY, are more remou They appeared useful to us as we designed an expe;t. It is
important to note that the student might not have these in his vocabulary untii the advisor
shows him ‘_tl:at they are usefill.' Left to hM he could come up with-a totally alffergnt

_* representation for his play. We:;:s’ume that there is only one good strategy and all the
program’s explanations. are phrased in terms of the voabulin needed for the infereno.:s

i m‘l;ed in this. The hope is to set the student thinking along the same lines. It is

’ important for future work to remember that different people may represent problems
ogdif ferently so that a better advhormust be able to determine a stcudent’s repllese‘ntation and
model him accnrdlngly In Wumpus type situations it may be important for the -advisor, to
see how the student repreunts the warren ahgnmtk;nf thaugh, in ger.neral, multiple
w poses a very .dlfﬂcul' question. To Mnu our ;rogran) uses a single

¢ predesigned representation and ;’ttunptnlompasethumthephycr.

" Wumpus 132 sufficiently simple game that antecedent methods can be used fp keep

— track of new deductions. Wheneyer any new information appears the, expert draws all
mpuauau It ever will between this and the old Iformation. nusvfapmre one aspect
of a game player. He has-a vlew of the game state which slowly changes as new
information lmenm with #t. The expen has theorems which determine features of caves
such 43 being one ave away from the wumpus, being safe, or containing the Wuﬂ‘!pus..
Some of these are simple, for example the condition that ‘an arrow misses the Wumpus.
mld trucrl theorem to assert that the cave the arrow was fired into ls safe. Other

thoorm have mml pombk triggering conditions because a feature of a cave can
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depend upon features of all its neighbors. It alo ha'ppem that a theorem may be triggered

o piove a prope}ty already known to beArue. In order’to prevent unnecessary ch:.in\

demMMmaMpc@mrmwmifmmuki;tm

LI
.

already. - ~ | .

! »

These design flatures ucmuhb!ldptcdlﬁvgrw:butla&cm a new
. Hgh in an aduice giving progrém. They ere features whick could improve a player’s

. y‘hwmudmhwdpbyuqu.

>

When the expert déals with bat and gu'tnfm i s interested in the probable
bcuiuuof’ba'u’and pm.'Thls requires it to represent dis junctions such as “there must be
abatmcavel.2or3' Wembdmw:mlrepmummtmdundldac
sets. ln the example just given there would be a candkhu set of (avel ave? aves) Bats
and pln deduction procedures were deslgned around this noutfm and manlpulated using
intersection, size’ind set inclusion. - \

- Evaluating the likelihood af a Im'fo; any putk:uhr ave dnf;n from the logical
deduction protess used to find the exact features of cages m it involves probability. It is
e:itremeny hard and messy to q'aply pmmuq*theuy etadtyto the Wumpus. situation. ANl
probabllma are conditional on the parthl information aljudy accrued at the particular
stage of the gune. This ieads to ouw formulae at best and exhauulve combinatorial
search as worst Our expert ls instead a model of heuristic and approximate probabilistic
mmmg of the kind that kmledpb& pme players use in n commod sense pdgemenu
about the game. We determined four 'enen' methods that might well be used to estimate

¢
pnhbllma and ad pstment the f!&lltl to iccount for multiple evldence and the

C . . . 32 P
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. ‘phenomenqn of evidence belng‘explalned away. Our rules embody simplifying

"Wumpus Advisor |
e (/‘ ]

-

v -
.

?lsau‘npuom and are generaﬂy 'usef‘ul outside of Wumpus. Though we expect that most

m will use somé’ qualindve _amalogue of ourgula. the advisor reprucms{them as

mathematical formulae embodied in procedures. Thu has a quantitative nature which

?u- verbal advice hard to give. 'rhudmorouéwmmupa m’z by pointing out the

evidmnumudmfuluformhemdnmnmgthatthe e@shoulddeducett <

hhkdy(ptwlbb.ac)ﬂmfheavehmmw:haum W*dontyetkno\rv how '

much advice giving about common sense reuaug an be bmad ona quantltamfe‘model

*»

e

s

gcmuuugguuum

The Wumpus advisor gives detailed expllmuom of its reasoning. This leads the -
mwﬂdmwulpmdmmmwwmﬂmwhmdeddmgm
an appropriate move. Explanations are produced in a very simple ny similar to thut used

B LY , -
in Stansfield (1975). An explanation bears an aimost isomorphic relationship to the?

deduction procedure.that is being exphined. Each general rule of inference 11740.:4;:«1

1

with an explanation funetion. If the rule 1s of the forra "A and B implies C", the
upﬁmﬂa!fugmmpﬂmomwép;;wthheyﬁkfm "C-because A and B".
Skw'tmlamibeapphtﬂnmyga. many explnations can be produced by’the same
explapation function. This is only the simplest example of the method which is extec;ded
i two wayx Firs, Am"d: the premises of the rule, may themselves be consequences of -

uhrfmmdhpldbyodmmb. The explanation functioh for. "A and B imphes C"

ulh tbo explanation fmnm for these rules and 30 on. Eventualty a complete and




detailed explanation of the mfemdng is produoed éecond.uch epr.nation function.is a
prooedure and aan uslly have tdlosyncntk behaviour. One common addition is for a rule

to state itself as v& as the particular instance. So we could have * C,a)es you have visited

/o mnfe. Ywhavevlﬂudave.%wkbnle lt\vwldbepoulbkbykeepingaumple
' rmﬂw‘hveﬂnmbpﬂnwdqnmmehmmfortheﬂm few times only. Other
addltiom mlke the English output flow. better and, occasjonally, context sensitive aspects

N visited” bntbeaunofcu:mext rmghtny cave x whereywmndw Up to a point, these

unbeﬂshmmuﬂlyaddedmddnadvhorhsmny A genéral purpose Engllsh

‘ * Mmmhhmtwws@nmncmu (forthcoming), Riesbeck

) | ’ ‘

Since the expert program is modular and contains an executive, the explanation

g functions fal neatly inio classes._Some exphain about bats and pits or about the Wumpus
and some about the strategy a5 a whole '

It ltjuy to see from the example that cbe explanations become longwlnded and

dewled To some extent their hierarthical nature eases this but it would be preferable for

: mhthm(uhwwhwumpmdunuphhambeglvmtothe student so

iy tochniques for pruning exphmdom which would ha‘e been moderatefy utlsfactory It

mmmrmaMMMMrwmemeuudednthat
& there 13 a good basky for judgements of relevancy.

o \ .
‘ r
“ ‘, ’ I\ | .

)‘m 8 s Wumpus Advisor |

an be added. Tbeprognmwﬂluml!yrefermammdaveu'cavex which has been

thhnuwntundbymmhuwmum Wecouldhavelncluded various ad hoc «
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. Program details
! , . .
3.1 Bats and pits modules ’ | -,

’
The bats and pits modules of the expert embody about etght rules ounrerem:e and

methemtod&rnﬂmtheposmuuofbmand pits. Theyareoftwokinds ioglcal rules
‘wmch éan be used to deduce the exact loauon of ha;ards, and probabilistic rules which
an only estimate the uteﬂhood of bats and. pits in any pamcular cave, Both types of rule
have already beendlsamed and h!rewedaatbethemmdetall

* There are four logical rules for bats. . "

g)Asquuh heard in nny'avehpﬂa;hatthmlsaht in at least one neighbor ol‘(lg

L4
3

v ave. U ~
b) Visiting a cave will tell you whether that cave contains a l;at.
c)lfaavedogn«nquﬂmmoﬂnnelghwnunmnm’\a bat.
d)lfthemlnumberofbunlsglnn,thcyanmmumbebmed exactiy
Rules for pits are almost identical, the one difference being that rule b) is of little
use. lfyoufallm apnr,ﬂnglmnwer whereuabatmyumpty carryyou toa safe cavc’
ﬁelnwhcn. Ruh d) is fairly complex and is not tmplememed in our system. It works

mwtm\‘mmymuvumtwkmnmkavumdmlyafew bm in

the warren then only certain arrangentents of bats will exphin all the, squeaks. The cruclal '

pmmma)b)an(c)whthammymmmelymwﬂﬁt b) and )

/ﬁymbmpuumwbyamhnmnm lnthuauabatorpn has

35 ..
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~

. ' . “' > ‘ y t
bunencdyband Knowing the exact location of » bat in such a manner can in turn

flow the probablﬂty rules to exphln away certain squesks neighboring that bat. This

figure 2.
™

“ . . ¢ :
Oonuderunuamplemﬁgunzmvumthdrdu;mndthdrm@bm have been

visited; amlawiﬁkm‘w'w- aves Z;nd 7areknbwn not to squeak.
Beauuoftln:wakuavel,elthetanz.htsmminabatbyrulea) But 2
ambymbb)(khubenvhmd)mdsammdthehckdasquukatave
7 by'mle‘c)., :T‘bh eaves enly cave 3 as the bat aave. Bm a bat at$ explains away the
qukitho;n}uufmmmwww'awatuwa"’ .

Tollmlemanttnmiunmeundldaum} Fmtly thestateoftheboardaseen

—

" by the player is repmemu in the data-base using the’ p:opertie: KNOWN-SQUEAK.
KNOWN-NOT-SQUEAK, VISITED, V-BAT and KNOWN-NEICHBORS. V-BAT

?

36
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@ the t;ave hubeen visited and contains a bat whkh,;herefore c‘arr.léd the player awyf

before :ve saw the hbor; of the cave. Next a candidate set is gener.ated for each squc;nk' s

ave, ;hlpltane sets, being flushed. At least.one bat must be in éch carididate set. A unary‘
candidate set s added to account for each visited bat cave. The sets produced to account

for figure 2 would be i .

- : o "(235)(31:’110)'00) | ' o

Next, rules b) and c) are applied to remove caves from candidate sets. We now have

the sets
~ SO ETITL N ’ ‘

Logiaally; in our exau;ple. we have deduced that caves 3 and 10 contain bats. If we

Knvew that there were only two bats in the warren, the unimplemented rule d) couMd be used
wpmvcthatﬂundsanabsduwiyuf; ) -

At this stage, the logical rules are exhausted and the probability rules take over.

, ‘ There are four probability rules, each corresponding to a fairly ;mml mTe for estimating

- ‘lfkdihoods based on limited evidence. The rules are qualitative v:rswns of the applk:atk'm_

of simple probability theory llld Bayer' rule. We{wm dacrlbe each one saylng a few words

- Mhh\phmmhﬂon Thorulumufolbn
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’ ) J

a) Equal likelihood

- b) Evidence can be explained away . y
¢} Mukiple evidence can increase probability : ' /

" d) Muiple evidence can decrease some probabilitiés

Whenever exactly one of a set of equally likely outcomes must occur. slmple \ i
prob.blluynysﬂmthemlpfobablﬂtymuubelmdmmnan be made-of the |

\
probabmty of each outcome. This rite applles approximately to any candidate set

/proq'xed by the logical rules. If the set has N members then we may deduce that the . ,

. Mlty of a bat being in any particular cave is I/N. We can compare the lsafety of
akernative moves because. avulln smafler candidate sete are n'\on likely to contain bats. . '
This rule is appm.m“for two reasons. Firstly, there may be two bats in any candidate ‘ | | ,
. set although for a large warren and few hazards this is unllkeiy to make the rule o
» mmmwwﬂnmmdﬂnn‘r{m maylnf;uenoe the
probability of a particular cave having a bat in subtle ways. . | -

>
- L ]
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1 figure 3.

— .
A particularly common way thét this second case arises is that a probable or certam
bat in one cave explains away evidence that mppom a bats being ln that cave as well as in
mml others. This rule can be applled whenever one candidate set is a subset of another

Fgunsm:agwkhmandmum(lzs)md(lz) The bat in (1 2) due to-the-

Muphﬁum’themkatithatpvemm(l23)andthereunoreasonto
g believe a bat exists in &Evldm mpponlhgs is exphined away by the bat in (1 2). Our

current advisor nnplemeuu this by reducing the probability for 3 to the Hikelihood thaT"a

.

batmputh!bydnpmgnmwhkhmupthebqrd




. ’Agtnenl urumoftheformhanumybederlvedfmthls.

" This 4s the fourth rule.

b - ‘ ‘ . R ]
B - \
') ‘ . ; * .. s /

- Memo$81 \ 9 - Wumgpus Advisor 1

it twoandldmmoverbp wehaveamuauon of mukiple evidence. Flgure 41_‘
shomacuowhereasqueakatlgavemewacmdldansetﬂu)andasquéakatbtoaﬁ
set (48 7). A bat at 4 woukd explain’af] this evidence. Akernmvely twopleoesofevldenoe
mwiMwhmmhw2:QM7Welmplanunt!nruleforthlultuatlonby
msldyﬁthepnbabiutyofnobaat S : .

" 4 . » . -

mmau) 14 P(mbuM) C | '} e _ T
mmzs»omm(sm 4 |

t R N
[y
™, ~
\

uumbmtrodueuaproblem. lftlnprubabllkyofthcm cse is increased
then the total probability for each ande?hqu raised above LO which violates our initial -
lpproxmuo»;f one danger per cave. The greater probability of there being a- bat'in the
mmmon area should partially explain away the evidence and reduce the probabilities for . cr
the other cases. Since the exact formul for this would be cumibersome our program uses a

formula to average out the d by reducing all the probabilities by a little.

iy n.
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Another pmblem arises when mu'ethm one rule applga at once. anure 5 shows two

K@l;ﬂd&b«hﬁakaﬂdmbﬂhmﬁghbondave! If cave | lsa1so nex; toa
cave whldl is known to contain a bat then_its squeak is totally explained away and gives no
- f lnformmon ltunnot’beusedmconj:mhnwithave2asacaseofdoublc
evidence !‘or a bat in the cive connectlng land 2 This means that we must app!y the
exphln-nmy rule before-the doubb-evidm rule. Such priomy constraints occur of ten in

»

programming 30 we should | | ng Ppmed when a student needs to know them as part of

thehlrmmnmforphylngagli‘heweﬂ. ‘
. The four rules give W thtt fit- the intuitive pdgemehn gcnenlly'made .by

.
[

pltyen. 'l‘he ldvlsor states the factors used in the mluation and gives a rounded off

" version of the raul of lts own formulae. it was unimportant for usqhat the student could )

predsdy apply problblllty theory and we prefgrred that he be led towards mhklng well-

2.

v

" 32 The Wumpss motule < - - DT
: -~
¢ ﬂmcomplex déducuomanbemadeabmnthebcaumofthe Wumpus than about
Intundpm. Beugamllmmthata\?umpmhwtthhtwocavu rather than ina
mmmnhm&uuﬂmthmamkorbkemmdélmme:oamuch
hmcandm:udpaubh\ﬂmunf Ontheotberhand absen@ofsmeurules

. mmamﬂmmﬂabmdthoa’mtypu évidence. Since mll-genmttd

. U ’ . - ‘ .
'i‘ ) -(-«. ' ) "& . [N

T 41
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tmvuued making the candidare set incomplete. It 1s also difficuk to tell If movmg from

mmll ave to another takes youcluer further avuy or_leaves you at the same dlstance

frotntbeWum Allﬂmefmhdmammbxuoﬂnfmmbnhan we

e neadfonhelmsmodulu ER &

S

caldiduu'as“hselndmotmavuuupoulblethatanelghbotofthesmelluvels .

There are two simplifications whkh make the problem tractable. Future prograps )

mlghtwverthenmgmlcanmditmldabobein&mﬂngtovarythetypeof
‘ Wmm(hmnydthemﬂwkhdmfmtbeWumpmmnumberof

Wumpl for uample) to see what rules would then be needed. The two simplifications we

*

have made are asTollows. -
v

-
P ®

D 'l'he expert only makes hg\lql deductions about the Wumpus and hot probabilistic
JH‘M - % L ) . -

. - o .
ﬁhﬂnwﬂgﬁnlpmemeWumﬁnmymvewhmu(muﬂnd which misses
v

L]

him. The Wumpus is fixed in our version. : -

&
We examine ways to make probat;ilutlc Judgements about the Wumpus later. If the
miﬁipwnumumammw?}' uallowedwmve.olderevldencewoutd

be degraded but would not lose all its value. Asme!lcne whkh before a shot had lmpued

3 W\mwmwlthpmuvq.mldmmnhcmmtm\gbemthlnthm. A
.

't

i cave would now guarantee only that he 150t in one of the cave's neighbors. The _

increase in varlety of evidence wouklmake UB rules more compler.

-

.. 45
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¥ ONE-AWAY, WUL-lPUS, and MORE-THAN-ONE-AWAY.
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o
N
!

. . ' ]
. We use five major Wumpus finding rules. Each is further away from the rules of
play than the bats rules are and requires some simple proof of its correctness which
naturally should play a part in the explanation of the rule given by the advisor. The rules

are methods for deciding one of five properties of a cave namely , SAFE, TWO-AWAY,

Rule I GAL - To prove a cave is SAFE -

A cave is safe; . , : .

—

a) if it hys been safely visited

Sl : .
b)*matmhubemﬁredlmotheavemdnonnpﬁsth R

. ¢) if there is a NO-SMELL cave:within two caves of it

-
£

This rule is easily justified and is invoked whenever one of the propetties, VISITED,
MISS, NO-SMELL is asserted abput the cave in question. o \ -
. l ‘ . CoL .
' Rule 2 GOAL - To prove a cave is MORE-THEN-ONE-AWAY
Acavels l;on-than-ot;e-a:ay from the Wumpus; . o .
a)lfweauﬁroveltwbetwo—nny . |
b if & doesn’t smell - ‘ |

| . S ‘ . ,
©) if & neighboring cave does not smefl ; ; .
- ’ , ‘

’ . . ,
a) is obvious and b) and c) are simple since if a cave were the Wumpus or one away

‘
» h— = WS

* L4
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then all of ks neighbors would smell. This rule is not exhaustive.. Rhere are probably
mnpw'pmemnm&kmmbwwthacspecialamasa

help to later rules.

-

Rule & GOAL - To provea cve is TWO-A\‘.NAY-
A cave is two caves from the Wumpus; -
)i ¢ smals and t i o tha-oneaway 9
b) if it smells (so:ll_ ‘t,!,le nelghbmf‘:‘r: ‘knqrn) and none of 't!:e neighbors is the

3 -
§

-‘,/:‘
Y

"

4

Al

l.

Cave 1 must be exactiy tuo from the Wumpus .
* ) -
, :

* 14 .
figure 6,

4

("
Sincacave | smefts uuﬂXhMuvad'tboWumpﬁmd must be either one or
. 2 .
two caves avny But cave 2 must be mere than two caves away and, as | and 2 are

. w.ﬂnmlymanufwanlhhtwanyfmmw»m Both
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. ) e ) :
caves must be visited for this rule to be applied and the rule is triggered when any SMELL
or NO-SMELL cave is discovered.

Case b) succeeds by proving that the cave is more-than-one-away from the Wumpus.

Smnm&.nuwhamwmanytna.nmbemaﬁay. Notice that rule 2

does not help here. Instead, we prove that no neighbor if the Wumpus cave so the cive in °

question is more-than-one-away. fhu?ubbtrlggctedvhenany' cave is shown to be safe
bi.mhl. AR neighbors of themufe cave are checked for smefls and any cave which
doamnlhsdnmleappuedwu. Alumﬂvdyammﬂuvemytﬂggerthemb.

Um@mbsmnﬂ!trgg«mkz d

5

4

‘

Rule ¢ GOAL - To prove a cave is ONE-AWAY.

* A cave is one away from’the Wampus is ¥ has a neighbor which is two away'and al

‘uher.nd‘hbwa of that cave are more-than-one-away.

.-

»
-
. WP e——————— e s,
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The reasoning.is as follows. By rule %), cave 2 is two away. But we know all its neighbors
and one of them must be one away. c;nimu»mm).mMavesucw
any.bymbh).an!mhmany.ekhcbymbm Bybrocmotellmlmtioé.
.- ‘?Mnn;mt;mansmbeauedany. -
‘ Notice that rules %) and 4) e’ to the_bats and pits logial rules. First a
candidate set is generated in which at least one element has a desired property. Then all

members are deleted and the remaining possibility becomes a certainty. This - technique

R J + 10 the game rules whereas the Wompus rules require some thought 1o discover relevant
‘ propemu such as ONE-AWAY.- It would be interesting to see if we could design an
advisor that would lead a student to develop these Wumpus rules from the bats rules and

% realise that reasoning by defauk is a commonly useful method worth identifying and

.naming. We leave K to the reader to see how the method generalises to give rules for

<\ uses reasoning by elimination. | A

- ——

guleacGOAL-ToptmeauvemmtheWuinpm

f' . Anvommmun\vwwlfnlmamlghbwwhkhuoneawayfromthe
/\ Wmmﬂaluthmndghbondthaunmuu .

" Womumﬁﬁpﬁdm&!hﬂn«&mcxmuNgure‘l.Su\pponthe
« . R - <

N ) ) 5 .

. . .
) * . " _
' .
) 46
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' Figure 7 shows an exampié in wl\kh\u_'ve 6 must be one away from the Wumpus.

"could be cafled “reasoning by elimination”. In the bats case the property was directly refated

MWWMMMM.mqummdlm ‘Rifte 5 aho
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[V

. player visited cave 6 and discovered it smefied and connected with 3 and 10. Since 6 is one

away and neither 2 npr $ 5 the Wumpus by rule 5, cave 10 must be the Wumpus.

A

| -
1 . .
"

_— .-

L

on the W ‘module )

mmmmnmmmhmmeanmnmm.

There are common elements and the rules inter-relate by triggering each other at_several

points. Nor are the rules complete. \Vecauldmednfaathtmuonlym'ew;mw L
. 0 help locate him. Fgm’bmw?ffm7MnMQvesanddw

the new neighbors 7 and 8. The Wumpus must be one of these. But we have only ome

arrow left and daient waste . So we visit cave 5 and discover neighbors 8 and 9. We

have two candidae sets for the one Wompus, (7 8) and (8 %). He must be at8. .

L ]
1
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figure 3.

Such a large body of knowledge makes advice givigg a difficult problem, Our

ldmappllamt_mb.gmmhﬂmhmmeldéhﬂemdea‘

better move and prints owta pmpél the rule’s applicatiofi. This maive tutorial
technique could be improved in several ways. First, care needs to be ta.kep over the
distinctiop between a rule and s insances. \Our ‘advisor follows the paradigm of teaching
by example. It M;d abo teach by ‘giving genenal am Second, the rules inter-

relate and it is mvlvhlwmmﬂ;malmwym application. It is possible

thf“tphyerk_mmaldnmbbotbumddledaboutthunhpracﬂu Thlrdlz.we‘bund
no’ model of the student’s knowledge 20 & Is impossible to debug him. when he uses an
incorrect version of a rule. Hcmypmvemuaanhmanybyushgmle.’a)but
MMkMalmﬂuvamtwnmucbuwﬂnWmmdmustbeone

away. chdtnybchulfy.dmmdmm(_gm;

ﬁluwumwhm&epﬂuﬂnm‘wﬁmmwumﬂdh&

~

' 48_
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and pits, it is possible to introduce rules for judging the kkely location of the Wumpus.
There are two ways to do this. We can make use of the similarity between Wumpus
mwwrmqwm”hgbymmnhwwaupandidate
Mlt!npfobabihtkbu rules will then-apply to the candidate sets. Rules 3a), 4 and 5 give
rlse to candidate sets for the propemu TWO-AWAY, ONE-AWAY and WUMPUS -
respectively. There is a tﬁmltmq phemmenm too. Probability resukts from rules $ and 4
an be lueE:sev]ﬂu in'rules 4 and 5 respectively. Here is possibly a gen;ral principle
of plausible feuoning. An exact rule has a probabilistic counterpart for use w‘hen
incomplete or uncertain evidence is fed into it This would provide a nice basu.for an

uwmwmwmmnmmibywdghhgnldm
[

figure 10? .
Y . L \
(
A second totally different strategy for making probability judgements is possible and
mmwfmmb&mnmqmgmtawmm. Given a

m.;uuhuwhfmnwmmuvmlhmrutpebutm

of the Wumpes. Oummumpbamtsma-hduduvmhw will
. 19 .
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explain away some of the evidence in the figure. None of the hypo(hem is totally
discounted but each requires a d fmaetofcxtrlpmpertiambetrw.of the board

whlch. are &Il to bg’tuted. A mpus at 6.would exphln all the smells and also the

.Mno-unenpdrumo ltneedsmextnthmpwbgtmeofunbmrd Hypothesising

~aave 5 however, does not explain the smells at 2, 3and 7. lt thus needs extra board

mmdtlmemyormymtum Swnmmottheevldmexplamed and

theextnmmnnpaedmfmdlmvmanbeusedmoanparethenkdihoods
Ve

-ofnrloushypodm Bothmramnnded. Oamhtmmcanbeusedm

compare hypothem and the explanition mmure'pnndu some absolute measure of
/’ ~ »
conf idence.
. NS

L]

4

3.4 The executive’s move classification T
& /ﬁ/.

“The bats, pfts and Wumpus experts are used 1o determine the probabilities of
meeting 2 hazard in any particfar cave. This information must be used by‘the executive

to evaluate a move. Theuwﬂvefﬁnt;stbewmofa\vumpusphm but

since the game requires little lookahead, planning strategies are hardly needed. Each move

canbemhawdmmhmdUnmnuwdnanlhbhakmﬂvemoves. Two

maqiuethdaphymbdnvhmmfoﬂowelﬂnrorbothformm!mvaeven

Mﬁhemkualhudedduumnbyme. The strategies are called phyﬁngsa_fe

" and “gaining information”. Wasting time can be thought of as a third but is a degenerate

Case of the first and the advisor deals with & impatienty. p

Phying ufcmmkudnufd-mmc’mfm. Clearly the safety of a

-

- ; 3
NI

\ 90
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. .

} andefsavdsmﬂnpmbiugydumnmm a hazard and ‘this I3 reported on by the ' r~
respective experts. Pits and the Wumpus mean certain death so they are easy tg deal with.
They are independent ahd their joint probabilities for any cave can be computed. A bat
may be relatively safe since it does not negessarily leave the plyer.in 2 deadly cave.. The
exu;uuve estimates the danger by using a simple formula which we .will derive. If the

mmba"orayaisN.tlnmmberofbmb.m&dnnunﬁerofpitsp,thenifweassume

"

e,
-

that no cave contains more than one hazard (a good- approximation if N is much-larger

than p and b) we can reason as follows. : -—
- M’b,m) ' h ! ) .
=P{(you tand on a pk) . , -~
+P(you land on the Wumpus) \ ~ ‘ ’ R :
- B H -
+P(you land on a bat)eP(death by bat) o - S /1—'\'

, P(dam"byht)-_ded!yavalmwavé-(polm-b)
- / '
This works because after being dropped by a bat in a bat cave again the chances of !
Mmﬁnmumqw;remfummmahtan Anotherwa'ydf’thi;tklng -
dthhmnhwmmﬁrhnmwmﬁmfwuchmlmmberof.hu it is

ponbblohnlenhommn. Amuwmmtmmdmmvd. 2

Mbyhnmmﬂymh:m—buananthmmmmpnf«me q
mqm»mmmmqmym , ' :
51 ’ |
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‘We explained the derivation of this formula in such detail becawse it is an
opportunity to consider the amount 6f knowledge about the-application of. probability that

a perfect advisot might need to explain. ‘The moral is cadtlomry In pnctic.e- our

. executive simply evaluates the formula, and states the likelihood of duth asa part of My — e

e:pllmtlon of the dinger ln a cave. The student is expected to come to some similar

decision qnalludvely and to improve his reasoning to be,coinddem with 99 admor's'.”

Shooting arrows is also a tricky type of move to evakiate. Our executive only deals '

mmuhlpedalmwhthWumpmkdtherbandorkmtobemadlfferent
direction frem the shot A true estimate of the risk involved should include the probability
uhmmwmmmmmn‘um-mmqmu/
Thenwudmugyforphyuwgahhfmm Agalnamovewhich has been
mwmpmmummmmwmmwmng lnformationcan.
bepthcedhmmhny& Movhgtonmangivahfmm:bantbewarren
lndpa”upsahoabwtbmandph Hm«.mmformmnabanbmmdpman
hardly be predicted. lnuvelsmpeaedofbdniabatonpmdwmngthatnunot

could allow inferences to be drawn about the actual focation of the hazard. In Wu;_bba

. 4
en,hauom in such detall are not very significant but & is easy to imagine real-world
situations where a risk is worth taking for the negative information that may be obtained.

A maive Wumpus player may Tush into dangers for this reason and the advisor will caution

him. Since Wumpi can be smelled from 'tyoo caves away and as certain caves.can be

A Y

- ddoadwbotwoanynummmmewmvehwaavnbnhnlgood

dﬁmdmmmuma_mme Again, the true value of thie information ‘

.. - j

s

.
+

.
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N

can only be gauged by oonuderhg the lnferenca it would allow. For our purposes we
simply dlsﬂngulsh between “possible” information galn and “probable” gain.

The two stntegm ‘interact 50 that a decision theory model is needed to compare
mn!ely}he information gaiped with the risk involved. Since the ver;'lon of Wum;;gs we
use places-no time constraints on the player, our advisor makes safe play m‘clre important
thohmuyé play. Before describing the mechanism for this, consider the following
example of a case of complex evaluation.. In the beginning of the game it may be useful to
take a bat to reach new parts of the \u{r’en. upeda;ly if all ather moves in the locality are
dangerous. There are refattvely few ?lu so it is 'unlike!y t’haF dqth will ens;.:'e. Later in the

game the safey of 2 bat s unchanged, At this sage, mos of the warren might have been

lnvatlgated in whlch case the informatiop value of nlmlg a bat is lowered oomiderably It

mynolongerbeworththemk ltlspastbleforthephyertobecompletely trappedso he

" that it might drop you in a new stuation even if this had e

dnoqandphmﬁgtheoryomenpmcouldhfmn he basis of an advisor for th

rd

RN
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EXECUTIVE CLASSIFICATION
' _SAFETY __INFORMTION
. TYPE NO | BAT & FIT | WrPUS | WARREN | iurPus
- 1 ' YES YES ves | ves
2 YES YES vs | .no
3 YES N YES | YES
4 NO YES YES | “ves-
. 8 NO YES YES NO_ -
6 NO NO YES YES
7 | DEAM DEATH NONE | NONE
) P P . :
TYPE NO. | WUMPUS VALUE | BATS & PITS VALLE
* 1 1
2:‘ 4 2 a
3 3
4 1
) 2 8 <VAL <1
6 3 1
=3 = T
“Bat~pit safety has been given precedence.
r .‘ ‘ " ' figure ll-. .‘ p

Pr—



' —_ ' ) l-'lgure n showr the move classification scheme used by t?le current executl.ve to

£

uﬂm the two nt’:tegles Firing mws and ssing bats to  gain lnformation have been

exctlded fr:om the evalmlon Safety is factored into safety from bats and- pits, and

I

from lhe Wbmpm There Aare seven classes of move excluding repeat moyes and t

roughly in order of goqdneu The seven can be dlvlgled into. groupsof three, ‘\\
q

¥ L3

‘ﬂiﬁ one. The first three are totally safe from bats and pits as proved by-the experts
K ﬁ'peei5md6:reumafeaooo«llngmobatsmdpitnndtype?}scertundmh Therwo

) groups of tbree are umlhrly o[genued aeoordlog to Wumpus conditions. Man .
Mowq kno\m% be’ fafe Gm next to; smells epd theretore likely to reveal information about

the Wumpus. Seoong are those caves which are nfe from the Wumpus but unlikely to
ﬂve lnformeuon about it. Finally, we have ﬂre caves which dre unsafe- from the Wumpus

and therefore likely to give lnfonhtlon about it Each move type 1,5 and 6 can be furtl&g

rmked aooordlng to the actual’ degree of bat and pit unafenm

4

» / _ The c&mauon is effectlve and mo some- extént dlstingul@the strategies and

places them ln ‘order of safety. It aho clarifies the advice-giying role of the executive for

A}

as, we shell (Iescribe each move type has a corresponding analyst whtch speclauses in T

advmlbo@nmeloftlmqpe. ’ v Cy .
There a’te ’rﬁnm in ctpwrtng the lmerphy between strategies in a classmcanon n

idlome. M move fypu $ and 4. Both prylde thevnme'nd of information so thelr

rmkh' an only be determined. for perutuhr movebby the relative dangers Yovolved.

[
. A‘Ih.chu.imdGﬂvetbemhfonmﬂonmd‘d«oemlncondmonseach could .

¢
.o
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. be better than the other. A better viewpoint is to :leder declslon-maklng under

dangerom conditions to be a decision theory problem. The expert should be able to

mnmbm,prdmanfm«phmmmuhelnmuem } ’
S ™ - ’ ' ) -
. " Figure 12 shows a simplified flowchart for the system. Whenever the ~prog'ram'

requests a move, control +is at point A at the head of the flowchart. Certain special case

: - ssuch.as shooting and requests for help are deak wn" by specixl programs. Otherwise, the

s expert is ulaw classify alt posstble inoves.‘ in pmicular the one the player actually

.’ \wantgdwmke.mdcontroluwmhedcomapprppmumty:tforthephmsmove
2 type. Amlymanmldcrthe available movesmdeclde‘lf the player mndeagood move. If
. he did it aliows hlmtogoahadbmot’nrﬂkit explalm why the move was bad panly

&

using its own explanation functions and partly using those associated with' the individual
@r « npedauiufwbau.p}tsandtheww ‘ i
. . 4  Theplayer is always allowed the option of proceeding but if he wishes to change his

move he is offered advice. .When accepted, this takes thet:o’rm of a good move and an i

explanation of the benefits of this move over the player’s. .

»
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help
HELP
o~ ‘
~ ® .
~
N N
|
> move-type
specialist
. 7
L) o
'y
b . .
4’, ‘
A Y - -
P 3
-. - -
Flow of control .
, . tigure 12. ' v
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the oniu difference is B
proclu v of the -

| bat/pit danger so the
sdvisor doesn’t mention

th. mo : 4

Move-type specialists
" (exsmple is type 5)
u medns “explaih about the Humpus®
bp weane mmn about uto ‘and pits”

figure 13.
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Figure IS shows the schema for move-type analysts. It is self-explanatory except for a

few points. If two moves are of the same type they may or may not be of sufficiently

: \ .
-different quaiity to invoke advicegiving. Since move-types 4, 5 and 6 have a range of

safety from O to |, one move can be very safe while another of the s.ume class is very risky.
Seomd: tb\e:_phmﬂm fw are context sensitive. A move v;vhich is dangerous both
because ‘of the: V'Iumpus and pits would not-always give rise to an explanation of the
Wumpus danger. If no available move was safe from the Wumpus the advisor gives the
player th benefit of the doubt and assumes he has seen this. It assumes he chose the
mmov.e because he omitted to take proper agcount of the difference in ptt'u(éty.
Theeuwmpumrma recent addition to the advisor and weontyduoovmd cineed for

t!nm by using the program lt is remarkable how lntencuon with a prognm reveals
Md«gnmmwhkhmuumbemnd. N

»

Togather the spechliu modules for bats, pits and the Wmnpux. the executive and the

MVW cunpqlem; of each make up‘the ma jority of the advisor.
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‘T‘Mumﬁn'mdukddnnmumwmmtwuof danger and

dniapmfmuonanbegiu;eredbymmohuble. lneﬂ'ea.allthe'd.edumubom

tnde-oﬂ's bétween mu md gains are complied Thls method ,u ‘restrictive and some

wbtledaoru‘etrue-orumommed. Wemdmibeamoremiformand geneul way

dduh%nnhdedﬁuuﬁntwiﬂbewhbbf«mhwwedvmdtheadvisor

l!hundmdmmewywhkhhqxh!ymwwpmmacm-

mmmmmmwm Them!yﬂsdaprobbnushgdedﬂouthewyha
three components.

~

L A decision tree. - - @ -
T ——— . \
Thhhamzofmmddnwwidmhetlkeabohhudmeforpmethm«

Qﬁunlng Itis rooted at the initial state and ‘at each state the player is glven a set of
-amwmﬁkh he may chose one. Jn Wmamunpmmu ghe position
at a point in phymd thccholm fldl' Un'p'hyermlm legal movex: Fo;any move the

player makes, the vorld an rapo»d in 2 variety of nys and each has an associated ’

prebability of occuring. lftinphy«mu into 3 rhkyavethmtwopwibleoum
are that the cave aaually contains the danger or, tlut it does not. A more detailed
description of tmgwm lnlgbt lped!y the pomb!e new neighbors that mlght be
dhconrd. Ad‘dshnuummhumgpudu:,mwmwthe phym
mmmmwamm; Th,oﬂlydlffm!mapmtneu

60
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%he special way that the plager’s opponent tehaves. In game theory he t+ies to make the

, best move whereas in decision theory he behaves according to probabilities .that can be

g’Aﬁmrmru&rmm&mmm
The terminal nodes of the decision tree have values for the decision-maker which

an kWﬂmMm fordoingso,u;pedf@ This procedt;remusttake

‘ hwmalddngwdmubdng&ﬂmnumdwdghtm%nstandtm

v~ -
bad points.- lta{mhmmde-om. Then;:’umnnhodbtomsunuchcostw

mm.mmm»mma‘nymummgm. The value of

each feature is mukiplied by a weighting factor and totafled with the others. If a feature is

good or very bad then it has a larger weighting factor either positively or negatively.
IAM&IM : E »

Given a tree of possibilities and values for each of the terminal nodes it remains only

to decide on the best action to take at the Initial state. It is possible to work out wha/'

p o N
upcaad wm.ammwmmmmrmmwml values. Suppose

nhnamﬁkﬁaﬂwxm«duﬂuuuchofﬁhimmmlmmaﬂof

1

evhl:hnrem Wekmtfnprohbﬂkyofmhwwo;mforagivcn action and we

know their values since they are terminal The expecied utiinyforthat action lsmy‘to
evaluate using simple probability theory. Which action should we choose? Clearly the one
with the highest expected utiity. This means that the expected utility for the state is the
md&w utilities of the actions available at that state. Now the state can be

w:mmmnmmmﬁdnmmmmrmupm

- ~. . -
~

h

!

S/
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1 ~—

mmlnmwhkhu‘uwwnkefmwrnmnm

Thhuppmchwﬂnml}mdadeddmprobbnmthanhenmaamte

3

unbe@un&ndfmﬂnulmdbwfumm Fout of these components
clearly occur in Wumpus. _ - ‘ 3 ‘

L Risk of death .

dnatlm mld mltp!ybyanyprohbl&yofduthwbemmfmty ‘Instead, utilities

.. ewldbeafmofttnpmbabﬂuyofdum There are various- ways that death can

‘ mfamm:p&nmmmmemewawuhmanqu

b&ganhdanybyahthmadugmm These possibilities reveal themselves in

the decision tree. If a nugent fails to account for any of them it is reflected in his

tncompilete decision tree. Tmmuﬁdadmmldm&aséanwhtr’kkymdul

with: . '
lnfomnuon‘

« Theamount and value of information éalned by any move are important. The

_uhdwmvmuaﬁadykmuﬁwfmmyanw_impommtnfer‘ehm

Information may be gained about the warren itself and about the dangers in it. In

Mde,MmemymkuMwbnmfmum.
Inferances must be deak with by a set of logical and probabilistic rules such as we have in

@ v
)

the existing advisor. o

(< S ‘. 62

§
]
ol
]
.

Theuu&yddmdmidbeveyhrgeandmgauu It cannot be minus infinity
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S. Goa!

The ukimate goal of the game is obviously an important consideration in deciding

"upon the value of a state. It is not sufficient to make safe moves or to find out

-

information. It is also important to kil the Wompus. Kilting: the anpufmst thus have

ahlghpeu&nnbe. Amlduhaofklmumybebemrthmahrgechamof

., gaining information. lnnrhduuofﬂngamnmldbepowblewtnpnthe\ﬂumpm

perhapulmvhghhndmlfhecmmveamadthenrrm

Atkm

A;eymnmvahnhmmamfamudnnbeofmoum This was
ma!mddnmhmauuf;rhvmm The only resource used in our
mm.dm@;ﬂamdam It is clearty very sifly to take a chance
m-ﬁnnmwuﬁyumne testing “hypothetical Wumpus locations
with the first few. Mmijpa could be added to the game, time constraints ’

‘beiing one of the more general. lemaﬁxedthn'ewphybeforethe-amnfaminm

. . 1 .
you will affect your phay. Itvagubewmbodphiwmthm. Amoﬂime_mtmg way

to introduce time is to make the Wompus actively look for the player, ¥ating him when it

'fmmhmlébeou‘mamPhyerpvahdnadmorntchMgorebethe‘

advisor could be one of the players.

-
14

.Pmﬂndm“dad‘ofﬂiaemkbuu that Wumpus can

lunmyMnrhmmdgldmvmﬂuulymmthefnmk

. of decision theory. A newer advisor based on such an approach would be able io advise a

v R
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user about playing all the different variations. So far our goal for theadvisor has been to

introduce people to a sitwation in which the implications of a few l&giul rules are
knportant for sensible decision making. In partlcnhr we chosé a situation which had
mnhhfwmum. Thumlybdswdnuunbndmhhgdecmonthmy

Whmnmmhndmumuxtypa-orhgauudaumyhavewhlch

Mm%”mdﬂkﬁmmdﬂnwdwrwmade_

-

L Fajlure to_judge probabilities.

Failure to determine the likelihoods of the various outcomes of an action will cause
qmﬂn;uhwhdupmmm
utility functions. . .

The studefit may have utility functions which are imappropriate for'winning the

game - He may think that pits are less dangerpus than the Wumpus for example. Or he

mybephmdng'mnmphgwamng!whkhrequtmadlffmmdutimy’

functions. Hemywm;whnmpﬁ.mhebhknmm\berdnmuldughm;am

w'bdndhhhmwwm'ilhppm He might abio be more interested in -

plaing for fun than playing effiiently. An advisor that could reoognls; and refate to this
would need to take account of the player’s vales accordingly.

;hmhmwmmmm%wswmmm
procedure for generating a dectsion tree. - L.t o

: . \
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4 Refunliwomtiones - o 5
'This does not occur in Wumpus because there a.re'no long term plans invoived. It is ) .1
hmvuambngwhkh'mnﬂauMMa;imfdmofnba. P:s‘tiosses"are ' }
weighted too heavily and actions are taken which have only.a small pl"obab'm:y of !
¥ 5 Myopts : . . )
Admmewhid: hgﬂep enough will g!v,erlsemshon-:léhtedm. Smalt N
mugpm will be preferred to Yong-term ones. Largelong-termlosseswmunot even
. B‘W . N ' .o o
" This s related to the mybpia bug but instead of the tree being too shallow it is one- 1
sided. Al‘uiem:aou.m"ammedwphn;he;dmwlyafnpath& The result is . f,:
Mq‘wamebﬂmlymnh&fmmdnmm;rhudupmm* t'
“shallow an investigation.
- ) ' N

~

_ “Wumpus has very simple srategies for play and though this was one reason for s
choice & is perhaps time to consider what additional properties we would like a game to
have for our advisor to teach in ‘anmm'ng way. The simplicity &.Wumpus'hrgely
lmllbtuag‘ll.dedmnmkmf'or‘amvec;n bedanatthetlmeofthc:mve with  ~

»

only the information available at that time. Each move is made separately. Untike chess,

A\

- , . ’
= the player does not neesd to make up strategies which govern the style of his play for a .
sequence of moves. Nor are there ploys and trick methods which help lead an opponent

. . i)VQS
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into an error. ll"l short the Wuingus expert needs to do no planning ahead more than one -
move. The basic cycle of phy is to make inferences from current knowledée about the '
current state of ‘the board, pinpoint the dangers, choose a move to avoid these darllgers.

_ make the move, thereby gain mfoﬁuuon and finally go to the beginning o’f the cycle. ¢

A more advanced game would comblne incomplete lnformatiln with need for

T phlmlng Look-ahud would be neoasary along sequences of actions each of which might

have an umertaln outoome. “There should be different methods of play that are applicable
\ln dif ferent situations. Since evidence gathering Is as important as evidence weighing. the
gamemmnon should allowﬂnphyereodedgna set of mhodsorsmtegles for gaining
. information. Acnullnanuneemhmuonuafeedbadbop Evldencelsgatheredand )
'elghed and phm are made both for acting and for gaining new information. The plans
.may be Imed on hypotheses, and information gathering should be deslgned to test these
/ hypothaauwen:spostble Onepoulbleundldmforag;mutbegamo "Clue”. A‘
murder has been commltted and each player tries to play the part of a detective and <eoopg
discover three pieca of im‘d'ntlon the weapon, the place, and the culprtt. Each player
has attaln lnfom-uon and by combining everyones it would be clear what the answer was.
A player may only get a limlu;d amount of information (rom another at any one time. He

-

thus has to make up strategies. ty“determine the information he requests. Other players

knoy the implications of the answer fully. Playérs
have to mows around a board to pa r locations before they can ask particular

. questions 30 an extra cost is lnvo!ved and other players may be able to infer things from
. “this bduvlwr o

6¢ )

4
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R }Vl';atever game is chosen it will be nec;ssary to combine planning with decision
theory. Feldmn (1975) has shown how this can be done. The principle is easy to describe.
A decision tree is effectively a planning tree showing all the possible plans. The resukts of
‘actions in these plans are uncertain but provision is made for each pt;ssiiale outcome.
Instead of looking fot the utility of a terminal state and’valr;g ;a_s to increase your
expectauon of this value, all the steps of the plan have to be taken into account. Each step
hamandgahslmudwlth itand theymustbeaddgd up to determine the valueof.
the plan as a whole. Then the plans can be compared and the best one taken.- An
important feature of planning in an uncertain situafion is that phﬁs must be revised after

udt‘mpbucamds'uxen'hfmum may change the situation. SN

-

Summing up, it seems that decision theoiy provides a rich framework for
\/ ,

M\pmm,m the Wumpus advisor. In particular, the problems associated with making ‘
complex decisions ihvolving conflicts of goal. llmiwd ruources. and imcemin information
* arise ln a form which can be taught usefully by an advising ‘program. These problems
. confront people omn in everyday Itfe when they interact with others and when they try to
make plans for the future. Akhough an advlung prngrk writtenft this early stage will

b
mmmmwwpeynhmmmamy_m,n_lsasteptownrdtaueeper

understanding of teaching in this area.
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